In previous studies we found indications of stress reduction in saline-injected rats when exposed to an oxytocin (OT)-injected cage mate. Olfactory impairment and OT antagonist treatment abolished the e¡ects. This suggested an olfactorily mediated oxytocinergic stress-inhibitory mechanism. To test this hypothesis bodyweight, tail skin temperatures, food-intake and plasma ACTH and corticosterone concentrations were analysed. Suppressed weight loss and decreased stress-hormone release was found in saline-injected rats exposed to an OT-injected cage mate, but not in OTantagonist-injected rats, supporting the hypothesis. Our results suggest that OT in a stressed animal can inhibit the olfactory stress cues emitted, and that the olfactory cues from the stressed animal can in£uence an OT in pathway in the odour recipient animals to reduce stress e¡ects. NeuroReport 13:1453^1457
INTRODUCTION
Environmental and emotional challenges cause hypothalamus-pituitary-adrenal (HPA)-axis and sympathetic nervous system (SNS) activation in rats, even mild challenges. Low stress response thresholds may lead to a frequent or longlasting energy mobilisation, which can affect bodyweight in small animals.
Recently, we demonstrated reversal within an hour of heat dissipation via the tail in male Sprague-Dawley rats stressed by s.c. saline injections when these were exposed to an oxytocin (OT)-injected (1 mg/kg, s.c.) cage mate [1] . No temperature reversal occurred in control rats without such a cage mate. saline-injected rats exposed to an OT-injected cage mate also showed increased hind-paw withdrawal latencies [2] . The effects evident within an hour were not found in olfactorily impaired rats [1] , nor in those injected with an OT antagonist [2] . These observations suggested an olfactorily mediated oxytocinergic stress-inhibitory mechanism. To test this hypothesis weight loss was monitored following mild stress. Plasma ACTH and corticosterone concentrations were analysed for indications of HPA-axis acitivation, and the acute effect of injections on tail vasoconstriction for indications of SNS activation. Finally, since stress can affect feeding and growth rates, food intake was assessed [3] .
MATERIAL AND METHODS
Animals and housing conditions: All rats used were Sprague-Dawley males (250-350 g, B and K Universal AB, Sollentuna). They were kept in permanent groups, and they were provided with food and water ad lib. Ambient temperatures were 211C, and the circadian cycle was set to a 12:12 h light: dark schedule, lights on at 07.00 h.
Drug treatments:
The experimental rats received s.c. injections of either physiological saline or an OT antagonist (1 mg/kg, Ferring AB, Malmö , Sweden), while the largest rat in each cage received an OT injection (1 mg/kg). In control groups, all rats in a cage received injections of either saline or OT. The drugs were dissolved in saline, and all rats were injected with the same volume (1 ml/kg).
Oxytocin injection-induced sensory cues: Exposure to cues from the OT-injected rat was accomplished by keeping this rat and the experimental ones in the same cage [1, 2] .
Tail skin temperature assessments: Temperatures were measured on the upper surface of the tail one cm from its base while holding the rat across the back. The tail skin temperature is a marker of an increased metabolism, since the rat's naked tail is thermoregulatory [4] . Temperature assessments were also used for the registration of acute vasoconstriction following saline injections in rats. An infrared-sensitive thermometer mounted on a tripod (Digitron D805H; Farnell Components AB, Solna, Sweden) was used.
Stress induction: The challenges inherent in the experimental design in the first study included s.c. injections and repeated short bouts (o45 s) of gentle immobilisation by gripping the rats across the back. Such manipulations were combined with repeated exposure to heat of one paw (51.8-52.21C) in the second experiment [2] . However, the rats controlled the duration of the heat stimulus, since they were not prevented from removing the paw from the heat source. The rats were also subjected to bodyweight assessments, which involved the potentially stressful transport to the scales, sequential removal from the home cage and handling [5] [6] [7] . The daily assessments took place at the same hour before the experiments.
Feeding rates: Food intake per caged group of four rats was approximated to daily food pellet reduction measured at the same hour each day. Because one rat in each cage of exposed saline-injected rats was injected with OT, the feeding rate of this rat was set to the average consumption of the rats in one cage with OT-injected rats only. The rate of the exposed rats was thus calculated by subtracting this amount.
ACTH and corticosterone analysis: Eighteen saline-injected rats exposed to an OT-injected cage mate, and 18 saline-injected control rats without such a cage mate were decapitated, six from each grouping at the time intervals of 30, 120 and 360 min after the injection. Plasma samples were collected immediately and kept in ice-chilled tubes containing Trasylol (500 IU/ml; Bayer, Germany) and heparin (10 IU/ml; Lö vens Läkemedel, Malmö , Sweden) until centrifuged. The samples were kept at À201C until analysis with commercially available kits. For ACTH analysis ACTH-fast IRMA (Euro Diagnostica BV, Arnhem, NL) was used, and the Coat-A Count radioimmunoassay (DPC, Los Angeles, CA, USA) for corticosterone. The analyses were carried out according to the manufacturer's instructions.
RESULTS
Weight gain following s.c. injections: Weight gain did not differ among treatment groups following the repeated bouts of gentle immobilisation every 20 min over 2/h in tests without injection-induced stress. However, following saline injections, weight gain in the rats exposed to an OT-injected cage mate (w 2 ¼ 7.3, n ¼ 6, p o 0.03) exceeded that of both the saline-injected control rats (n ¼ 8) and the OT-injected rats (n ¼ 6) by 9% and 20%, respectively, assessed after 5 days.
Weight gain following repeated heat exposure and s.c. injections: The daily weight gain did not vary among treatment groups following weight assessments or heat exposures only. A small increase was found when the rats were habituated to the procedures, respectively, but these effects were not statistically significant (Fig. 1) . Similarly, the effect on weight gain when the males were habituated to weighing compared to heat-exposure-naïve was insignificant except in one group, and absent following the second time of heat exposures. However, weight gain varied among treatment groups (ANOVA; F (3,23) ¼ 3.79; p o 0.021) when the repeated manipulations were combined with the different drugs treatments (F (4,11) ¼ 20.90, p o 0.0001). Significant reductions were found compared to all previous testing conditions in the OT-injected rats (n ¼ 9, p o 0.00001-0.00001), the exposed oxytocin-antagonist injected rats (n ¼ 6, p o 0.004-0.001) and saline-injected control rat (n ¼ 8, p o 0.01-0.00003) using the post hoc planned comparison (LSD) test. No significant reductions were found in the exposed saline-injected rats (n ¼ 9; Fig. 1 ). Fig.1 . E¡ects of testing conditions on weight change following: (i) First weighing and weighing-habituation^two open bars, (ii) First and second weighing plus heat-exposures^two scu¥ed bars, and (iii) Weighing, third heat-exposures plus drug-injections^one black bar. The drug given is indicated as Treatment group.'Exposed' refers to rats exposed to an oxytocin-treated cage mate. All rats received the same treatments before the injections. Statistics refer to comparisons testing conditions. The acute effect of s.c. injections on tail skin temperatures: Basal tail skin temperatures were assessed in 12 rats divided into four groups with one OT injected rat in each cage. First, testing order of the rats had a significant impact on their basal skin temperatures ( Fig. 2; F (3,8) ¼ 8.6, p o 0.01). Basal temperatures of the rats from the second cage tended to be lower than those of rats in the first cage (p ¼ 0.11), and the temperature of rats from the third and fourth cages were clearly low (p o 0.05 and p ¼ 0.01).
Second, the rats were subsequently injected with saline in sequence. As a result the latency between the injection and second temperature assessment increased successively (Fig. 2) . A significant effect was found considering the latency between the saline injection and the second temperature assessment (ANOVA; F (3,16) ¼ 221.1, p o 0.0001), as well as an interactive effect between the two temporal factors (F (6,16) ¼ 3.9, p ¼ 0.01). Thus, a significant drop was found in the rats from the first cage, but not in the rats from the second cage. The skin temperatures of rats from the two last cages were significantly increased.
Thus, an acute temperature drop followed by an increase was found in response to the mere handling of rats in other cages in the room and the subcutaneous injection. The skin temperature increases reached significant levels compared to basal levels within 15 min of the injections (Fig. 2) .
Feeding rates and weight gain following repeated tail skin temperature assessments and s.c. injections. Daily food intake and growth rates were assessed in 36 rats subjected to repeated holding and TST assessments every 15-20 min in a 100 min test. The rats were habituated to the testing procedures (Fig. 3) .
Consistent with the above results, the basal skin temperatures assessed before the injections correlated negatively to the individual testing order (R s ¼ À0.45, n ¼ 36, Fig. 2 . ACTH and corticosterone concentrations in saline-injected control rats (open bars) and saline-injected rats exposed to an oxytocin injected cage mate (black bars). Statistics refer to comparisons between treatments. Fig. 3 . The change in tail skin temperatures (TST) following a saline injection at time 0 in rats exposed to an oxytocin-injected cage mate. Each curve represents the mean of three rats.The basal TSTs of the cage-groups 1^4 were assessed in the order indicated before the injection.
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The peak skin temperatures were similar in the salineinjected control n ¼ 16) and exposed rats (n ¼ 12), but higher (p o 0.02) than those of their OT-injected cage mates (n ¼ 4), and all rats showed a late drop about 50 min after the peak ( Table 1 ). The interactive factor (F (1,26) ¼ 11.94, p o 0.002) showed that the saline-injected exposed rats' skin temperatures dropped significantly more, approaching basal temperatures (p o 0.0001), analysing the saline-injected rats only.
Feeding rates and growth rates were similar in all salineinjected rats before the skin temperature test (Table 1) . Food intake decreased marginally but significantly (ANOVA, F (1,26) ¼ 16.0, p o 0.001) after the test in the saline-injected rats. Growth rates (Table 1) were suppressed after the test compared to before (F (1,26) ¼ 7.00, p o 0.01). However, exposure had an impact (F (1,26) ¼ 3.4, p ¼ 0.07) in that a decrease was found in the control (post hoc LSD test p o 0.01), but not in the exposed saline-injected rats.
The testing order, temperature, feeding and growth rate data were entered in a factor analysis to find the principal components for the variation in the data. The analysis was limited to the saline-injected rats. Three factors with Eigen values 41 (3.4, 1.8 and 1.4) were extracted (Table 2) . Consistently, growth rates after the skin temperature experiment, the temperature drop after the peak phase and exposure loaded on the first factor, in directions that may relate exposure to energy conservation. The growth rates before the experiment and the feeding data loaded on the second factor. Finally, the loadings on the third factor of the basal temperatures, the increase to peak temperatures and the order of assessments are consistent with the above results in the experiment on acute effects, suggesting fearinduced SNS activation. The factors explained 38%, 20% and 16%, respectively, in all 74% of the variation in the data.
ACTH and corticosterone concentrations following saline injections: The effect of exposure to an OT-injected rat was significant, both regarding the concentrations of ACTH (F (1,30) ¼ 47.5, p o 0.0001) and corticosterone (ANOVA; F (1,30) ¼ 6.0, p ¼ 0.02). Increased concentrations were found 30 min after the saline injections in the control compared to exposed rats ( 
DISCUSSION
The reduced weight gain following a s.c. saline injection combined with holding and repeated heat exposures is consistent with energy-mobilisation [3] . The absence of an effect in rats exposed to an OT-injected cage mate is in agreement with energy conservation. Similar to the previously reported effect on heat withdrawal reactivity [2] , the absence of weight conservation in exposed rats injected with an OT antagonist rather than saline suggests an oxytocinergic involvement. The difference in weight gain was not related to a difference in feeding rates [3] in the salineinjected rats.
The acute vasoconstriction and tail skin temperature drop followed by increased temperatures in response to s.c. saline injections, suggests nociception, fear and SNS activation [3] . Stress induced hyperthermia has been explained in terms of SNS induced brown adipose tissue mobilisation and/or a centrally regulated temperature set-point as in fever [8] [9] . However, the maintained hyperthermia for at least an hour may also suggest an anxiety-induced response. The prolonged hyperthermia was suppressed in the saline-injected exposed rats, as indicated by the late temperature drop.
The suppressed increase in ACTH and corticosterone concentrations in exposed compared to unexposed salineinjected rats indicates a suppressed HPA-axis activity. Thus, Di¡erences in mean (7s.d.) tail skin temperatures15^30 and 50^70 min after the injections, feeding rate and growth rate the day before and after the experiment in saline-injected control rats and rats exposed to an OT-injected cage mate.
Basal TST (1C)
Food intake (g) Growth rate (g) the late temperature drop is consistent with suppressed HPA-axis activity and anxiety [8] . The effect on plasma ACTH concentrations lasting for at least 6 h after stress induction indicates a prolonged effect. Three factors were extracted in a principal component analysis of the data on energy conservation and mobilisation. The loadings agree with the interpretation of HPA-axis activation, feeding-induced growth and SNS activation, respectively. The effects due to the exposure to an OTinjected cage mate loaded on the first factor, that is a suppressed level of anxiety.
Bodyweight gain was not significantly affected following the repeated bouts of gentle restraint and heat exposures in addition to the challenges associated with handling and weight assessments. These latter included removal of the home cage from its normal location, transport to the scales and sequential handling of the rats [5] [6] [7] . The absence of an effect could be explained by the fact that the duration of the heat exposure was under the rats' own control [5, 10, 11] , and that they were habituated to handling. In contrast, they could not avoid the injections. An injection-induced fear response could also have established a conditioned association to the repeated heat stimulation enhancing the stress reaction. This may have enhanced the negative effect on weight gain, an effect that was blocked in the saline-injected, exposed rats.
The drop in basal temperatures that followed the sequential handling of the rats could be due to acoustic alarm signals between cages, or an anticipatory response [5] [6] [7] to the experimenters' presence. However, olfactory cues from the OT-injected rat probably mediated the modified stress responses within cages [1] . Olfactory social signals are generally important in rats, for example signalling sex, reproductive state and social rank. Rats also discriminate between the odour of a stressed and an unstressed conspecific [12, 13] . The suppressed anxiety response in the exposed saline-injected rats could thus involve a modified acoustic or olfactory alarm signal, or a specific pheromone released from the OT-injected rat. The moderate increase to peak tail skin temperatures and return to basal levels may indicate a limited SNS activation in the OT-injected rats. This may have affected the stress signal from these rats. The modified response in the saline-injected rats could also involve individual recognition, since the rats encountered were always cage mates. Oxytocin in low doses promotes recognition [14] [15] [16] .
The effect of OT treatment and release has been associated with stress reduction [17, 18] , but also weight loss [19] , as found in the present study. The latter may partly be due to suppressed food intake also found in this study. The inconsistencies may for example be attributed dose-dependent effects [17] , the route and site of administration [16] species and strain differences [15] . Oxytocin has also been found to selectively enhance steroid transmitter concentrations in specific central regions that may affect physiological and behavioural processes differently [15] . Such factors may also explain differences in response between the OT and saline-injected exposed rats, if assuming an olfactorily mediated oxytocinergic process is activated in the latter case.
Evidence has associated oxytocin release with olfactory processing and to stress reduction in rats, mainly in the context of mother-offspring interaction [15, 18, 20, 21] . The mechanisms may act at the level of the olfactory bulb and/ or the limbic system. Here, the central nucleus of the amygdala is critically involved in the integration of sensory and emotional stimuli, important in the acquisition and the expression of conditioned stress [8, [22] [23] [24] [25] . Interestingly, a role for oxytocin in the inhibition of conditioned freezing and bradycardia following immobilisation has been demonstrated by micro infusion of oxytocin (200 pg) into the central nucleus of the amygdala acting on oxytocinergic receptors [24] , or by lesioning of the CeA in rats [25] . However, the effect was only observed in rats with a predominantly parasympathetic stress response pattern. Oxytocinergic fibers project to the olfactory bulb, the central nucleus of the amygdala and several hypothalamic and brain stem structures important in stress responses.
In conclusion, the modified energy conservative effect in the saline-injected rats exposed to an OT-injected cage mate is consistent with integration of specific social signals and physical fear and/or anxiety-promoting environmental cues. This suggests an olfactorily induced endogenous stress-suppressive process possibly located in the central nucleus of the amygdala.
